MicroRNAs (miRNAs) regulate gene output by targeting degenerate elements in mRNAs and have undergone drastic expansions in higher metazoan genomes. The evolutionary advantage of maintaining copies of highly similar miRNAs is not well understood, nor is it clear what unique functions, if any, miRNA family members possess. Here, we study evolutionary patterns of metazoan miRNAs, focusing on the targeting preferences of the let-7 and miR-10 families. These studies reveal hotspots for sequence evolution with implications for targeting and secondary structure. High-throughput screening for functional targets reveals that each miRNA represses sites with distinct features and regulates a large number of genes with cooperative function in regulatory networks. Unexpectedly, given the high degree of similarity, single-nucleotide changes grant miRNA family members with distinct targeting preferences. Together, our data suggest complex functional relationships among miRNA duplications, novel expression patterns, sequence change, and the acquisition of new targets.
MicroRNAs (miRNAs) are ∼22-nucleotide (nt) noncoding RNAs that regulate a multitude of biological processes in metazoans, and have been implicated in various diseases. MiRNAs recognize target elements primarily in 3 ′ untranslated regions (3 ′ UTRs) of messenger RNA (mRNA) by Watson-Crick and G:U wobble pairing. These elements are short and degenerate and are driven largely by perfect complementarity in nucleotides 2-7 of the miRNA, which is termed the "seed" region (Lewis et al. 2005) . However, the presence of a perfect seed does not always confer regulation by complementary miRNAs (Grimson et al. 2007; Wolter et al. 2015b) , and there are several alternative modes of miRNA target recognition that do not utilize canonical seed pairing (Ha et al. 1996; Moss et al. 1997; Reinhart et al. 2000; Johnston and Hobert 2003; Lal et al. 2009; Shin et al. 2010; Gabriely et al. 2011; Chi et al. 2012; Wolter et al. 2015b ). The result of miRNA targeting is typically a modest reduction in protein output (Baek et al. 2008 ) by deadenylation and subsequent mRNA degradation (Wu et al. 2006 ). However, translation inhibition without a reduction of mRNA levels is frequently observed (Guo et al. 2010; Wu et al. 2010) . The modest effect of miRNA targeting on individual protein levels suggests that miRNAs may productively impact cell fate by targeting multiple components of regulatory networks. This has been demonstrated with multiple approaches: experimentally, by measuring mRNA abundance following miRNA perturbations (Linsley et al. 2007 ); bioinformatically, using multiple features of target sites and pathway annotations (Tsang et al. 2010) ; and by high-throughput screening for direct miRNA targets (Wolter et al. 2015b ). However, the complexity of targeting principles, mechanisms of translational repression, and high frequency of noncanonical targets complicates the prediction and detection of cooperative networks of bona fide miRNA targets using traditional approaches. Reporter assays overcome these caveats by measuring RNA interactions that result in functional repression at the protein level. However, these assays are costly and difficult to perform at a scale conducive to the discovery of miRNA regulated gene networks.
miRNAs have undergone several pronounced expansions in metazoan genomes (Hertel et al. 2006; Berezikov 2011) . These expansions coincide with evolving organismal complexity yet seldom correspond to increases in the number of protein coding genes (Berezikov 2011) . While expansions are driven in part by the de novo evolution of novel miRNAs, the majority arise from duplications of existing miRNAs. These miRNAs are rarely lost following duplication events, suggesting selective pressure to acquire and maintain new miRNAs (Wheeler et al. 2009 ). Following duplication, the primary sequence of miRNAs frequently evolves at positions outside the seed region, creating families of miRNAs that have distinct sequence variations. The advantage of the expanded miRNA repertoire of higher metazoans is unclear, but it has been suggested that copies of highly similar miRNAs provide robustness to gene regulatory networks (Ebert and Sharp 2012) . This has led to the assumption that miRNA family members target largely, if not completely, overlapping gene sets. However, the extent to which nucleotide changes impart novel targeting specificity to miRNA family members has not been systematically studied, and it is unclear what unique functions individual miRNA family members possess. Here we report our efforts to characterize evolutionary trends in metazoan miRNA families, quantify targeting specificity between miRNA family members, and assess how these families evolve to regulate gene networks.
Results miRNA families exhibit position-specific functional signatures
We hypothesized that evolutionary patterns may reveal information about the function of miRNA family members in higher metazoans. To test this idea, we analyzed the sequences of the most deeply conserved metazoan miRNA families (n = 3265 distinct miRNAs, 62 families), with the sole criteria being that each family must possess at least one homolog in the human genome (Supplemental Table S1 ; Kozomara and Griffiths-Jones 2014) . The raw number of miRNAs showed that these families have undergone a drastic expansion at the base of the vertebrate lineage, and outside of freshwater, teleosts have not changed dramatically in vertebrates (Fig. 1A) . When correcting for the number of miRNAs per species, we observed that the number of miRNAs that exist in multicopy families has increased about fourfold in vertebrates, with 85% of deeply conserved human miRNAs belonging to families that contain at least two members (Supplemental Fig. S1A ).
These miRNA families showed no bias toward either the 5p or 3p arms (Supplemental Fig. S1B ), and nucleotide content confirmed the expected complementarity in total nucleotide content between the miRNA and miRNA * strands (Supplemental Fig. S1C ). When we looked at individual positions within the miRNA, we observed an enrichment of U residues in the first position in the miRNA strand, which plays a role in Argonaute incorporation ( Fig. 1B ; Wang et al. 2012 ). There is a preference for A residues in the second position and U residues in the ninth position, as well as an overall enrichment of G/U nucleotides in the 3 ′ end.
Conversely, the miRNA * strand showed no positional nucleotide bias beyond a depletion for U residues in the first position (Supplemental Fig. S1D ). Next, we explored if each position favored specific point mutations, reasoning that this measure would independently assess preferences in each position regardless of the identity of the conserved nucleotide. When we grouped nucleotide changes based on ability to form wobble base pairs, we noticed that G/U mutations were generally depleted in the seed region, neutral in the central region, and enriched in the 3 ′ end (Fig. 1C) . To assess the tolerance of wobbles during miRNA repression, we tested the ability of human miR-10b to repress an artificial target site (Fig. 1D ). In agreement with the evolutionary trends (Fig. 1C) , G:U wobble pairing had no impact at position 6 (p6), or in p18-20, but was not well tolerated in p7 (Fig. 1D) . Previous experiments found that wobble base-pairing in the seed negatively impacts the affinity and translational repression between a miRNA and target mRNA; however, wobble pairing in p6 was not tested in these experiments (Brennecke et al. 2005; Wee et al. 2012) . Our results are consistent with the idea that specificity in the majority of the seed region via Watson-Crick base-pairing is a conserved feature of miRNA:mRNA interactions, but expands upon the details of positional specificity. Furthermore, wobble pairing in the 3 ′ end of the miRNA may be advantageous by increasing the frequency of basepairing in canonical miRNA targets.
miRNA families evolve at specific hotspots Next, we investigated patterns of sequence variation within miRNA families. Alignments of families revealed conserved nucleotide changes at specific positions, which we refer to as evolutionary "hotspots" (Fig. 2A) . We observed that the majority of deeply conserved miRNAs belonging to multimember families have experienced at least one nucleotide change, which are frequently conserved in humans ( Fig. 2A, black bars) . When we investigated where in the metazoan phylogeny these hotspots first appear, we find that in the absence of duplication events there is rarely sequence evolution ( Fig. 2B; Supplemental Fig. S2 ). Conversely, duplications are almost invariably followed by the emergence of sequence changes.
An analysis of the positional conservation scores in all 62 miRNA families revealed that evolutionary hotspots center on nucleotides 9-12 of the mature miRNA (Fig. 2C) . Outside the seed, conservation is highest at positions 13-15 and decreases until the 3 ′ end of the miRNA (Fig. 2C) . Conversely, the miRNA * strand is uniformly conserved at positions 1-8 and 13-18 and is poorly conserved in positions 9-13 (Supplemental Fig. S3A ). The mirrored conservation between the miRNA and miRNA * strands suggested that the secondary structure of the miRNA duplex may influence sequence evolution. To investigate this, we measured the frequency of base-pairing at each position in the miRNA duplex in eight model species (Supplemental Fig. S3B ) and observed a relatively low frequency of base-pairing at the 5 ′ end of the miRNA, as well as a high frequency at the 3 ′ end (Fig. 2D) . We also observed a bias in the position of single-nucleotide bulges in the 5 ′ end of the miRNA strand and the 3 ′ end of the miRNA * strand (Supplemental Fig. S3C ). These results highlight the asymmetry of the miRNA duplex, which plays a role in strand selection during Argonaute incorporation (Schwarz et al. 2003) . Surprisingly, we also observed that p10-12 are unpaired as frequently as p1-2, suggesting that relaxed base-pairing constraints may contribute to the high frequency of nucleotide changes observed in the central region of these miRNA families.
Different miRNAs employ distinct targeting footprints
Evidence from RNA-seq and in vitro binding affinity experiments suggests that the central region of miRNAs may not substantially contribute to target recognition (Grimson et al. 2007; Wee et al. 2012) . However, as mRNA abundance and binding strength may not be directly indicative of the miRNA's effect on protein levels (Guo et al. 2010; Wu et al. 2010) , we wondered if similar patterns would be obtained when measuring protein output directly. To test this, we employed a high-throughput luciferase-based screen called Luminescent Identification of Functional Elements in 3 ′ UTRs (3 ′ LIFE) (Wolter et al. 2015a, b) . We tested two deeply conserved miRNAs (let-7c and miR-10b) against a target library composed of 1407 full-length human 3 ′ UTRs, corresponding to proteins with regulatory functions including kinases, RNA-binding proteins, and transcription factors (h3 ′ UTRome v1) (Kotagama et al. 2015) . We identified 334 putative targets (>20% repression, P < 0.05) ( Fig. 3A,B ; Supplemental Table S2 ), which were enriched for canonical target sites (Fig. 3B ). When we looked for the presence of targets with a p6 wobble, we did not observe enrichment within the let-7c or miR-10b targets (Supplemental Fig.  S4A ), suggesting that while these miRNAs may be capable of utilizing this motif, it is not preferred.
In order to identify which positions cooperate with canonical seeds in granting functional repression, we analyzed the sequence downstream from seed sites in the top 50 canonical target sites for each miRNA (Fig. 3C) . Interestingly, the targeting footprints of let7c and miR-10b exhibit distinct patterns. Consistent with the classic model of miRNA targeting (Grimson et al. 2007 ), let-7c strongly favors 7mers and 8mers (Fig. 3C ). The position with the least complementarity, p12, is the site with the most heterogeneity in the human let-7 miRNAs ( Fig. 2A) , suggesting that other family members may utilize this position in these targets. In contrast, miR-10b relies more heavily on positions 12, 13, and 15 ( Fig.   3C ). To further characterize miRNA binding preferences, we performed a targeted screen for two additional miRNAs, miR-34a and miR-125b (Supplemental Fig. S4B-D) , and found that each miRNA exhibits distinct targeting footprints. Together, this suggests that individual miRNAs may utilize distinct features of target sites for the recognition and repression of canonical targets. ′ nucleotide from sequencing data. Seed region is marked with a gray box. (C) We measured the specific mutation frequency of specific nucleotides away from the conserved base in the family, toward either A/C or G/U. (D) Various permutations of the miR-10a complementary sequence were cloned into the SV40 3 ′ UTR (left). Gold boxes mark wobble nucleotides in targets, each of which was tested for repression by miR-10b in dual luciferase assays in HEK293T cells (right). Repression was measured as the change in relative luciferase ratio in response to miRNA cotransfection. Values were normalized to a negative miRNA control (dashed line) (n = 3). All error bars are SEM unless otherwise noted. (Scr.) Scrambled sequence; (10a) miR-10a; (AW) all wobble. 3B ). To test how the position of miRNA targets impacts the strength of repression, we measured the relative distance between the miRNA target site and the 3 ′ UTR end (Fig. 3D,E ). This revealed that functional target sites tend to cluster toward the 3 ′ end of the mRNA (Fig. 3D) . When looking at absolute distance to the poly(A) tail, we find that when a canonical target site is located in the last 200 nt of an mRNA, it will lead to functional repression the majority of the time (Fig. 3E) . However, beyond this distance, additional factors may influence the ability of a miRNA to functionally repress a target mRNA.
let-7c and miR-10b target multiple genes in regulatory networks
To identify networks targeted by these miRNAs, we performed a gene ontology (GO) analysis of the hits obtained in our screen and found that each miRNA repressed genes with cooperative function in specific biological pathways (Fig.  4) . Let-7c targeted multiple members of the general transcription machinery (splicing, mediator complex, and general transcription factors), as well as many key proteins involved in cell cycle checkpoints, DNA replication, and mitosis ( Fig. 4A ; Johnson et al. 2007 ). MiR-10b targeted multiple ephrin receptors, mediator subunits, and genes implicated in apoptosis. We also found that miR-10b targeted genes at nearly all levels of the retinoic acid (RA) signaling pathway (Foley et al. 2011; Gabriely et al. 2011) , including a nuclear RA receptor (RARG), RA-metabolite transport proteins (RBP4, CRABP2), a rate-limiting enzyme in RA synthesis (ALDH1A3), several RA receptor cofactors, and downstream effectors of the RA response (Fig. 4B ). To validate endogenous targeting of these genes, we depleted miR-10 in HEK293T cells using a doxycycline inducible miRNA sponge (Supplemental Fig. S5A ,B; Szulc et al. 2006; Ma et al. 2010) and observed that as levels of miR-10 family members decrease, mRNA levels of target genes increase (Supplemental Fig. S5C,D) . One of these genes, RARG, possesses two unpredicted canonical target sites, but deletion analysis revealed that only the most distal site was functional (Supplemental Fig. S5E,F) . Combined with the modest repression we observe for the majority of targets, the striking convergence of targets into cooperative networks provides evidence that miRNAs effectively impact cell fate by targeting multiple components of regulatory networks.
Nucleotide changes at evolutionary hotspots in the human let-7 and miR-10 families modulate targeting preferences
In order to test if the hotspots within miRNA families impact targeting specificity, we studied the targeting preferences of three intertwined human miRNA families (let-7, miR-10, and miR-125). The miR-10 family is composed of five miRNAs (Fig. 5A ). MiR-10a and miR-10b differ by a single nucleotide at p12, which occurred at the base of the vertebrate lineage and is maintained in all subsequent species (Fig. 2B ). This family also includes miR-99a/b and miR-100, which differ from miR-10a/b primarily by a single-nucleotide deletion in the seed (Fig. 5A) . In contrast, miR-125a/b differs by a 2-nt insertion that arose at the base of the vertebrate lineage ( Fig. 2A; Supplemental Fig. S2 ). MiR-99a/b, miR-100, and miR125a/b are located within miRNA clusters alongside let-7c/e/a.
To test the specificity of miRNA family members, we cloned perfectly complementary target sites for miR-10 and let-7 family members into a minimal 3 ′ UTR and tested the ability of these miRNAs to repress targets using luciferase assays (Fig. 5B) . While miR-10a and miR-10b were capable of cross-repression, the single-nucleotide mismatch at p12 disrupted ∼50% of the repression by each miRNA (Fig. 5B) . Let-7a and let7c (difference at p19) equally repressed each other's targets, while let-7f (p12), also demonstrated target specificity. This confirms that in cases of perfect complementarity (slicing) (Nakanishi et al. 2012) , there are positional differences in the effect of mismatched basepairing on miRNA targeting (Fig. 5B) . Because endogenous miRNA target sites rarely utilize perfect complementarity, we next characterized the extent to which miR-10a/b/99a target a panel of 374 3
′ UTRs (Fig. 5C ). When comparing the identity of target genes without considering strength of repression, we found that the majority were commonly regulated by both miR-10a and miR-10b and uniquely regulated by miR-99a (Fig. 5C,  D) . We also found that miR-99a and let7c commonly repress 28% of target genes, suggesting cooperativity between these clustered miRNAs (Fig. 5E ).
We observed a significant overlap between the miR-10a/b and miR-99a target genes (Fig. 5D) , which was surprising given that target predictions for these miRNAs are completely nonoverlapping (Supplemental Fig. S6A ). We were unable to identify a direct target site for miR-99 in the HOXD10 3 ′ UTR by deletion analysis (data not shown), but deletion of the target site for miR-10 suggests that these miRNAs target different sites (Supplemental Fig. S6B ). We also found only 20% of miR-99 predicted targets were repressed in our screen, and >90% of targets were not predicted (Supplemental Fig. S6C ). When we looked for canonical miR-99 target sites in repressed 3 ′ UTRs,
we found a depletion of seed sites (9%) (Fig. 5F ), which is consistent with an overall depletion of this seed sequence in the human 3 ′ UTRome (data not shown). However, we did find enrichment for target sites with wobble basepairing in p6 (Fig. 5F ) and validated the direct targeting of one of these sites in HOXD1 (Fig. 5G) . Together, these data suggest that miR-99a may prefer noncanonical target sites.
We next focused on targeting differences between miR-10a and miR-10b, finding that these miRNAs differentially repressed ′ LIFE screens. We tested 1407 3 ′ UTRs in triplicate for targeting by each miRNA in cotransfection experiments in HEK293T cells (∼13,000 dual luciferase reactions). A 3 ′ UTR was considered a putative target if it exhibited >20% repression and P < 0.05. The top 30 repressed genes for each miRNA are listed adjacent to each heatmap, with the type(s) of miRNA target site(s). Predicted targets, both deeply and poorly conserved, were identified using TargetScan 7.0. (B) Characteristics of miRNA target sites in 3 ′ UTR library separated by target score measured by the 3 ′ LIFE assay. (C) Alignments of target sites from the top 50 hits with a canonical seed for let-7c (left) and miR-10b (right). Asterisks represent statistically significant nucleotides (P < 0.05, χ 2 ). (D,E) Distance of putative miRNA targets to the mRNA end. 3 ′ UTRs in the library with one canonical miRNA target site and one canonical polyadenylation sequence (AAUAAA) were analyzed for the relative distance between the poly(A) site and the miRNA target site. Genes were separated based on targeting status.
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Cold Spring Harbor Laboratory Press on December 11, 2016 -Published by genome.cshlp.org Downloaded from 51% of genes (>8% repression difference) (Fig. 6A,B) . Importantly, alignments for miR-10a or miR-10b targets with a canonical seed revealed that all the targets favored by miR-10a and the majority of miR-10b targets possess a complementary nucleotide at p12 (Fig. 6A) . Because the miR-10 family differs at a position that is sensitive to slicing (p12), we also tested two families that differ at other positions (let-7, miR-125) (Fig. 5A) . By using small libraries enriched for target 3 ′ UTRs, we found that each miRNA preferentially repressed a large portion of these genes (Supplemental Fig. S7A,B) . Strikingly, alignments for the let-7 targets revealed that all of the target sites favored by one family member contain the complementary nucleotide to the preferred miRNA (Supplemental Fig.  S7C ). Together, these data suggest that evolutionary hotspots provide distinct target preferences, regardless of where in the miRNA the hotspot occurs. We then sought to determine experimentally if the single-nucleotide change between miR-10a/b affects target preference. We reciprocally mutated p12 of each miRNA and tested for targeting specificity of the wild-type and mutant miRNAs. Both miR-10a and miR-10b switched targeting preferences for a fully complementary target (Fig. 6C) . Conversely, ALDH1A3, which was equally repressed by both miRNAs, was not affected by these mutations (Fig. 6C) . Because miR-10b preferentially targeted more genes than miR-10a, we focused on three targets favored by miR-10b and found that the point mutation reversed the targeting preferences of these genes (Fig. 6D-F) .
MiRNA family members exhibit tissuespecific expression
We hypothesized that the appearance of hotspots may accompany novel expression patterns, allowing the enhanced repression of target genes expressed in novel contexts. To address this, we studied the expression patterns of the miR-10 family during embryogenesis in 9.5-and 10.5-d-old mouse embryos ( Fig. 7A ; Supplemental Table S3 ). miR-99a is ubiquitously expressed at both stages, while miR-10a and miR-10b share largely overlapping expression patterns along the dorsal aspect of the embryos (neural tube, paraxial mesoderm, and lateral plate mesoderm), extending from the midthoracic region to the tailbud, where RA signaling is repressed (Cunningham and Duester 2015) . However, miR-10a is more broadly expressed anteriorly, including in the branchial arches and developing brain ( Fig. 7A ; Supplemental Table S3 ). These divergent expression patterns are also in agreement with miR-10a/b expression in adult mouse tissues (Stadthagen et al. 2013) . To test if these differences are due to changes in the composition of the miRNA promoters, we isolated ∼2000 base pairs (bp) upstream of each miRNA and tested their ability to drive GFP expression in HEK293T cells. We found the MIR10A promoter is significantly more active than the MIR10B promoter in these cells (Fig. 7B) , which was mirrored by expression of the mature miRNAs (Fig. 7C) . We then studied the expression dynamics of these two miRNAs in response to RA in a breast ductal adenocarcinoma cell line (MCF-7) (Fig. 7D) . While the expression of both mature miRNAs increases dramatically after treatment, their expression levels are not identical, suggesting differences in expression dynamics.
To expand on these observations, we explored the expression patterns for the let-7, miR-10, and miR-99 families in normal human tissues using miRGator, a curated miRNA expression database that compiles TCGA, GEO, and SRA data sets (Cho et al. 2013 ). The Figure 4 . let-7c and miR-10b target multiple genes in regulatory networks. (A) GO term analysis of genes repressed by let-7c; P-value noted in parentheses. let-7c targets multiple genes associated with cell cycle checkpoint progression, DNA synthesis, and several steps of mitosis. All listed genes were identified as targets by the 3 ′ LIFE screen (repression >20%, P < 0.05). (B) GO term analysis of miR10b targets, highlighting that miR-10b targets multiple genes in the retinoic acid signaling pathway. Genes with experimental evidence for physical association are adjacent to each other. miR-10b regulates several key components of the pathway, including extracellular transport and delivery of the retinoic acid precursor retinol (Rol), the conversion of retinaldehyde (Ral) to retinoic acid (RA), cytoplasm to nucleus transport of RA to nuclear hormone receptors, one of the RA receptors (RAR gamma), and multiple effectors of RA activation.
expression patterns of individual family members were surprisingly distinct, with many tissues favoring expression of only one family member ( Supplemental Figs. S8, S9) . Interestingly, the family members that have undergone duplications without sequence divergence (let-7a, let-7f) are more similar to each other than other family members. Together, the difference in target preference and expression patterns between family members suggests a connection between the functional divergence of miRNA family members with the coexpression of novel target genes.
Discussion miRNA families evolve at specific hotspots
Our study found that miRNA families evolve at specific hotspots, which occur most frequently between p10-12. Poor conservation typically implies relaxed selective pressure, yet there are conflicting reports as to whether an miRNA's central region plays a role in miRNA target identification. A past study using miRNA overexpression found that p9-11 are the most mismatched nucleotides in canonical targets that lead to decreases in mRNA abundance (Grimson et al. 2007 ). In vitro biochemical approaches converge on similar findings, demonstrating p10-11 plays a relatively minimal role in stabilizing the interaction between miRNA and mRNA (Wee et al. 2012) . In contrast, complementarity at p10-11 is critical for the slicing activity of deeply conserved Argonaute proteins (Elbashir et al. 2001; Meister et al. 2004; Nakanishi et al. 2012) , and a recent study analyzing miRNA:mRNA chimeras found targeting motif preferences spanning the entirety of the miRNA (Moore et al. 2015) . In agreement with a functional role for the central region, our study finds that miRNAs preferentially utilize nucleotides along the length of the miRNA, including the central region. A previous study also found that the 3 ′ UTR nucleotides that align to the middle portion of miRNAs are poorly conserved (Grimson et al. 2007) , concluding that poor conservation implies a lack of function. Given our findings that the central region of the miRNA duplex is under relaxed secondary structure constraints, we speculate that poor conservation in this region may be mirrored in target sites and may not be an indication of a lack of function per se. However, the biological relevance of interactions detected with our approach should be validated in secondary experiments due to the use of exogenous constructs. ′ UTR of HOXD1 (nucleotides 577-599 from stop codon) rescues repression by miR-99a, but not let-7c, which also targets this 3 ′ UTR (n = 4).
The majority of genes regulated by members of the same miRNA family vary in the strength of repression
The expansion of miRNA families in higher metazoans has been suggested to provide robustness to gene regulatory networks, and it is commonly assumed family members target completely overlapping sets of genes. However, our study found a strong connection between duplications and sequence divergence. In line with this, our results confirm the overlap between targets of miR-10a/ b and let-7a/c, but we also find that the majority of the genes exhibit different degrees of repression. Given that a single-nucleotide change in the miR-10 family has the ability to modulate target specificity, we speculate that multiple changes, such as in the let-7 family, may exaggerate the targeting differences between family members. In tissues where multiple miRNA family members are coexpressed, miRNA sequence changes that enhance the repression of specific genes may allow a given miRNA family to fortify its biological function via regulation of a broader set of target genes. The emergence of novel expression patterns may also shape miRNA sequence evolution through coexpression with novel targets. In support of this hypothesis, we observe clear differences in expression patterns of family members. However, it is difficult to infer individual relationships from this anecdotal evidence because bona fide miRNA targets have been observed in both cases of coexpression and mutually exclusive expression (Ebert and Sharp 2012) .
Conclusion
Here we find that the ability of a miRNA to regulate a large set of genes is enhanced by membership in a larger miRNA family (Fig. 7E) . The pronounced expansion of miRNA families at the base of the vertebrate lineage suggests this may be especially relevant during the development of higher metazoans. Nucleotide changes at specific hotspots may allow each family member to specialize and preferentially regulate a specific set of genes, which may be driven by novel expression patterns of duplicated miRNAs. Furthermore, our data suggest that miRNA family members may not equally repress target genes, which is especially relevant for the development of synthetic antisense oligonucleotide therapeutics based on existing miRNAs (Kole et al. 2012) .
Methods

MiRNA conservation analysis
Pre-miRNA and mature miRNA sequences were downloaded from miRBase release 21 (Kozomara and Griffiths-Jones 2014) . Conserved metazoan miRNAs were defined as those that have at least 20 annotated homologs across all species and at least one copy in Homo sapiens. Family alignments were performed using ClustalO (McWilliam et al. 2013) , and output files were used in Weblogo (Crooks et al. 2004 ) to calculate positional nucleotide contents and entropy values. Internal and external insertions and deletions were omitted from analysis if they were present in less than 10% of miRNAs.
MiRNA and 3 ′ UTR cloning 3 ′ UTRs and miRNAs were cloned as previously described (Kotagama et al. 2015; Wolter et al. 2015b ). In brief, ∼200 nt upstream of and downstream from the pre-miRNA were cloned into an intron in pLIFE:miRNA by Gateway cloning. All mutagenesis experiments were performed using site directed mutagenesis (Stratagene).
3
′ LIFE assay
The 3 ′ LIFE assay for was performed as previously described (Wolter et al. 2015a,b) . In brief, each miRNA was tested with either five (miR-10, let-7, and miR-125 family screens) or three replicates (miR-10b and let-7c screens) in HEK293T cells. For the analysis in Figure  3 , we used the complete human 3 ′ UTRome v1, consisting of 1407 3 ′ UTRs not enriched for targets of any specific miRNA (Kotagama et al. 2015) . For the analysis in Figure 5 , we used 375 3 ′ UTRs enriched for canonical seed sequences for miR-10 and miR-99, and for the analysis in Supplemental Figures S4-S7 , we used 189 3 ′ UTRs enriched with genes containing canonical seed sequences for let-7, mir-34, and miR-125. Repression of a 3 ′ UTR by a miRNA was measured by calculating the Firefly/Renilla ratios compared to a negative control and normalized to the mean of each 96-well plate. Putative hits were called as those that had a repression index less than 0.80 and a P < 0.05. Differences in repression between miRNA family members were calculated by determining the standard error the 3 ′ LIFE assay (∼0.04), and differences between miRNAs greater than 2× the SE were considered divergent.
Target site distance analysis
We identified all the 3 ′ UTRs in the 3 ′ LIFE library that contain only one canonical miRNA target site, and filtered to keep 3 ′ UTRs with one annotated 3 ′ UTR based on RefSeq annotation. We then calculated the distance to the end of the transcript and the distance to the miRNA target site.
GO term analysis
Analysis of GO terms was performed with ToppGene software (Chen et al. 2009 ). We removed common results between both miRNAs, because the 3 ′ LIFE library was created using predefined criteria.
MiRNA sponge experiments
The TetR::RFP gene and tetracycline responsive GFP::miR-10 sponge construct were integrated into the genome of HEK293T cells via sequential lentivirus infection. Cells were treated with 5 µM doxycycline for 72 h with three replicates for each condition. For plasmid construction, see the Supplemental Material. Over evolutionary time, miRNAs evolve to regulate specific mRNAs within pathways. Following a miRNA duplication event, there is frequent sequence divergence between paralogous miRNAs, along with the emergence of novel miRNA expression patterns. The sequence of target genes expressed in these novel contexts may influence specific nucleotide changes to facilitate more efficient repression by the duplicated miRNA.
